The prognostic value of the detection of peripheral blood (PB) and/or bone marrow (BM) involvement by polymerase chain reaction (PCR) amplification of rearranged immunoglobulin heavy chain (IgH) and immunoglobulin kappa light chain (Igj) genes was evaluated in 155 patients with diffuse large B-cell lymphomas (DLBCL). Immunoglobulin gene rearrangements (IgR) were detected in 35/155 (23%) patients. The presence of IgR in PB/BM was related to clinical stage (CS I-III vs CS IV; Po0.001), histopathological detection of BM involvement (Po0.001), and the International Prognostic Index (Po0.001). IgR-positive cases had a significantly lower complete remission (CR) rate (18/35, 51%) than IgR-negative patients (85/120, 71%; P ¼ 0.042), and a significantly poorer overall survival (OAS) at 5 years (25 vs 66%; Po0.001). There was a significant difference in the estimated OAS at 5 years between patients with negative BM histology and negative PCR results (66%), patients with negative BM histology but positive IgR (37%), and patients with positive BM histology (12%). Our results indicate that molecular methods improve the accuracy of staging in patients with DLBCL and define a group of patients with normal bone marrow histology who have a significantly poorer OAS due to molecular detection of PB/BM involvement.
Introduction
Diffuse large B-cell lymphomas (DLBCLs) are diagnosed in 30-40% of patients with non-Hodgkin's lymphomas (NHL). Diagnosis and classification are mainly based on morphologic and immunophenotypic analyses. More recently, cytogenetic and molecular techniques have provided additional information on the biology of DLBCLs. Up to one-third of cases have abnormalities of BCL6, and about 20% of cases have translocations of BCL2. Staging is based on clinical, radiological, and histological findings including bone marrow histology. Approximately 70% of early stages and 50% of advanced-stage DLBCL can be cured by chemotherapy with or without radiotherapy. 1, 2 The clinical stage is an important prognostic factor and was therefore included in the International Prognostic Index. 3 Systemic dissemination to the peripheral blood and bone marrow occurs with advanced tumor stages and is associated with worse prognosis, but minimal morphologic changes may not be diagnosed by conventional methods in early stages of the disease.
The majority of NHL have undergone physiological, clonal immunoglobulin (Ig), or T-cell receptor (TCR) rearrangements. The identification of lymphoid clonality by detection of a clonal Ig/TCR rearrangement is therefore used at diagnosis and increasingly for follow-up studies. 4, 5 PCR detection of Ig/TCR V(D)J gene rearrangements exploits the fact that the junctional regions are clone specific and highly variable, both with regard to length and nucleotide content. The most sensitive and specific detection techniques involve sequencing of the clonal V-J junction and synthesis of an antijunctional or allele-specific oligonucleotide, which is then used as a hybridization probe or clone-specific primer. 6, 7 While these strategies represent optimal specificity and sensitivity (approximately 10 À5 ), they are labor intensive and do not permit detection of clonal evolution. Simpler strategies as consensus PCR that provide an intermediate level of detection (approximately 1%) may be more easily applicable to large-scale clinical studies. The immunoglobulin heavy chain (IgH) gene represents the most useful gene target for detecting B-cell clonality since it rearranges early during Blymphoid development and demonstrates extensive junctional diversity. 8, 9 The incidence of informativity of IgH PCR in B-cell lymphomas varies with the IgH PCR strategy and the pathological subtype. 10, 11 The rearranged genomic products of the immunolobulin k light chain (Igk) gene also represent an excellent marker for B-cell clonal analysis. Analysis of Igk in conjunction with IgH rearrangements substantially improves the detection of lymphoid clonality in B-cell neoplasms. 12, 13 The relatively insensitive Southern blot technique has been used to study the involvement of peripheral blood or bone marrow in a variety of NHL subtypes. 14, 15 However, there are no large clinical studies evaluating the use of PCR staging in DLBCL.
The aim of this study was to determine the prognostic value of rearranged Ig genes in the PB and BM of patients with DLBCL at the time of diagnosis. In particular, we wished to assess the additional information provided by molecular staging in patients with localized clinical stages and in patients with advanced stages but negative bone marrow histology.
Patients and methods

Patients
A total of 155 adult patients with DLBCL were included in this study. The median age of the patients was 59 years (range, 17-88 years), 84 were male, 71 were female subjects. They had all been diagnosed between March 1991 and November 2002 at the Department of Internal Medicine I, Division of Hematology, University of Vienna. Immunocompromised patients were not included. Diagnosis was based on histopathologic and immunophenotypic assessment of formaldehyde-fixed, paraffin-embedded tumor biopsy specimen according to the Revised European-American Classification. 16, 17 For adequate clinical staging, computed tomographic scans of the thorax and abdomen as well as a bone marrow biopsy were required. In all, 38 patients (25%) had clinical stage (CS) I, 47 (30%) CS II, 34 (22%) CS III, and 36 (23%) CS IV disease. Bone marrow involvement was detected histologically in 19 patients with CS IV disease. In two of these patients, circulating tumor cells also were detected by the differential blood count. In 130 patients, lymphoma cells were not found in the BM biopsies. In six patients, the BM biopsies were inconclusive. Patients were assigned to specific risk groups according to the International Prognostic Index (IPI): 71 (46%) patients had IPI 0-1, 67 (43%) patients IPI 2-3, 17 (11%) patients IPI 4-5.
Treatment
The following chemotherapeutic regimen were used: CHOP in 125 patients, 18, 19 ProMACE-CytaBOM in 25 patients, 20 CNOP in three patients, 21 P-DOCE in one patient, 22 and CEP in one patient. 23 In CS I/II patients without bulky disease, treatment consisted of 3-4 cycles of chemotherapy followed by involved field radiotherapy. CS II bulky to CS IV patients received six cycles of chemotherapy. Bulky disease was treated with involved field radiotherapy. A total of 20 patients were treated with an autologous stem cell transplant for consolidation or salvage therapy, one patient received an allogeneic transplant from a sibling, and four patients from an unrelated donor. For assessing response to therapy, standardized criteria were followed. 24 Response to therapy was evaluated 1-2 months after the end of treatment.
Detection of clonal gene rearrangements by PCR analysis of genomic DNA Peripheral blood samples (25 patients), BM aspirates (18 patients), or both (112 patients) were available for extraction of genomic DNA and subsequent PCR analysis. In addition, diagnostic material of the initial tumor biopsy of 108 patients was analyzed by molecular methods.
DNA was prepared from mononuclear cells of PB, BM, and native tissue using cell lysis, proteinase K (Boehringer Mannheim, Mannheim, Germany) digestion, phenol extraction, and ethanol precipitation according to standard protocols. 25 For preparation of DNA from paraffin blocks, two 10 mm thick paraffin sections were dewaxed with xylene, digested with proteinase K without ionic detergents followed by boiling without phenol extraction as previously described. 26 PCR amplification of IgH gene V-D-J junctional variability was performed using consensus primers against the four framework regions FR1 (FR1c), FR2 (FR2), FR3 (VH26, V670, FR3A), and FR4 (OL-4, VLJH) as previously described. 11, [27] [28] [29] [30] For PCR analysis of Igk gene rearrangements, oligonucleotide primers recognizing the FR3 (FR3k) and the joint region (Jk) of the Igk gene were used. 12 Analysis of immunoglobulin gene rearrangements (IgR) was performed by amplification of 300 ng of genomic DNA with GeneAmp PCR Core Reagents (Perkin Elmer Cetus, Norwalk, CT, USA) using 0.6 mM primers, 200 mM GeneAmp dNTPs, 2.5 mM MgCl 2 , and 0.9 U AmpliTaq Gold DNA Polymerase in a total reaction volume of 30 ml. After an initial denaturation of 10 min at 951C, 44 cycles of 45 s at 951C, 1 min at 581C, and 1 min at 721C, followed by 10 min at 951C and rapid cooling to 41C were performed in a Perkin-Elmer Cetus DNA thermal cycler (Emeryville, CA, USA). PCR products (6 ml) were electrophoresed through Spreadex EL 400 (FR3 and Igk PCR products), EL 600 (FR2 PCR products), and EL 800 (FR1 PCR products) mini gels (Elchrom Scientific, Cham, Switzerland) at 125 V and 301C for 2.5, 3.5, and 5 h, respectively. Following electrophoresis, the gels were stained with SYBR Green I (Molecular Probes, Leiden, The Netherlands) for 25 min and destained in distilled water for 24 h prior to photography.
The sensitivity of the IgH and Igk PCR assays to detect a clonal lymphoid population within a polyclonal cell population was evaluated by mixing DNA of monoclonal cell population from a patient at the time of diagnosis (100% clonal cells) with different amounts of a mixture of polyclonal DNAs obtained from polyclonal mononuclear cells of 32 healthy individuals. The sensitivity was at least 1%.
The quality of IgR-negative samples was assessed by amplification of a polyclonal background smear, which indicates amplifiable DNA from polyclonal B lymphocytes, and the amplification of specific predictable bands, which are seen in all cases and represent nonspecific amplifications of sequences homologous to the JH locus.
Precautions to prevent crosscontamination of the amplified material were taken according to published recommendations. 31, 32 In each experiment, a reagent control (one aliquot of PCR reagents without genomic DNA), a negative control (mixture of genomic DNA from healthy individuals), and positive controls (genomic DNA from monoclonal neoplastic B-cells, undiluted and diluted 1:100) were coamplified with the samples.
Statistical analysis
Categorical data was compared between groups by means of Fisheŕs exact test in the case of dichotomous variables and using the Cochran-Armitage trend test in the case of IPI risk groups (low/intermediate/high). The dependency of the complete remission (CR) rate and (overall or progression-free) survival on IgR was investigated using a univariate logistic and a Cox proportional hazards regression model, respectively, and is described via odds ratios (OR) and hazard ratios (HR), respectively, with 95% confidence intervals (CI). The 5-year survival and 95% confidence intervals are given for various groupings of patients. In order to assess the additional prognostic impact of IgR in the case of negative BM histology, a multiple model was used where, in addition to BM histology, a categorical variable entered which discriminates between negative and positive IgR only in the case of negative BM histology. For further adjustment, a third model was used with the IPI score (levels 0-5, taken as continuous variable) as additional independent variable. IPI was tested for possible nonlinear effects by adding a quadratic term to the model equation. In order to test for potential nonproportionality of the hazards with respect to IgR, a term has been added for the interaction between IgR and the logarithm of survival time. Overall survival (OAS) time was calculated from the date of beginning of chemotherapy until the patient's death or last follow-up examination. Progression-free survival time was calculated from the date of achievement of CR until relapse, death, or last follow-up examination. Kaplan-Meier survival curve estimates are given for various groupings of patients, together with P-values of the log-rank statistic for equality over the two or three groups, respectively. 33 Patients who received a stem cell transplant were treated as censored observations. The P-values p0.05 were considered to be statistically significant. All computations have been performed using WinSTAT Version 3.0 and SAS software Version 8.2 (SAS Institute Inc., Cary, NC, USA, 2001).
Results
Detection of IgR in PB/BM and in tumor biopsies
In 155 patients with DLBCL, PB (n ¼ 25), BM (n ¼ 19 showed Ig rearrangements in BM and PB, 90 had no rearrangements in both materials, and three showed positive results in BM, but not in PB. In the remaining 13 patients with clonal IgR, positive PCR results were detected either in BM (n ¼ 6) or in PB (n ¼ 7), as the corresponding material was not available for analysis.
Material of the initial tumor biopsy was available for analysis in 108 patients. Clonal IgR were detected in 93 of 108 (86%) tumor specimens. Clonal IgR in PB/BM correlate with clinical stage, BM involvement, and IPI (Table 1) The percentage of PCR-positive samples at various clinical stages is shown in Table 1 . The data show a significant difference between stages CS I-III (16 of 119 patients; 13%) and CS IV (19 of 36 patients; 53%; Po0.001).
By histopathologic (morphologic and immunhistochemical) examination of BM biopsies, BM infiltration with lymphoma cells was seen in 19 patients (CS IV disease by definition). Clonal IgR were found in PB/BM of 14 (74%) of these cases. In two patients, Ig rearrangements were also undetectable in the corresponding tumor biopsy probably due to a methodical problem; in one patient, the tumor biopsy was not available for analysis. IgR were found in additional 21 of 130 (16%; BM involvement vs no BM involvement, Po0.001) patients who showed no evidence of lymphoma infiltration in good qualitybone marrow biopsies. In six patients in whom BM histology was inconclusive, IgR were not detected. IgR were detected in five of 17 (29%) patients with CS IV but without BM involvement.
There was also a significant association between the detection of Ig rearrangements in PB/BM and the IPI risk groups (Po0.001).
Correlation of clonal immunoglobulin rearrangements in PB/BM with clinical outcome (Table 2) The overall CR rate was 66% (103 of 155). IgR-positive cases had a significantly lower CR rate (18 of 35, 51%) than IgRnegative patients (85 of 120, 71%; P ¼ 0.042). Applying a logistic regression model, the odds to achieve a CR was 0.44 (CI 0.20-0.94, P ¼ 0.035) for the former compared to the latter group. However, the additional prognostic impact of IgR in a multiple model with BM histology does not reach statistical significance (OR 0.99, CI 0.35-2.80, P ¼ 0.990), whereas BM histology showed a significant influence on the CR rate (OR 0.14, CI 0.05-0.43, Po0.001). In a multiple model adjusting for IPI score, both IgR and BM histology are not significant (P ¼ 0.181 and P ¼ 0.417, respectively). There was no statistical difference in the relapse rate between patients with and without Ig rearrangements (P ¼ 0.384).
The estimated OAS at 5 years in the group with and without IgR in PB/BM is 25% (CI 7-43%) and 66% (CI 54-78%), respectively ( Figure 1 ). The estimated OAS at 5 years for patients with negative BM histology and negative PCR results is 66% (CI 53-79%), for patients with negative BM histology but positive PCR results 37% (CI 12-63%), and for patients with positive BM histology 12% (CI 0-33%; Figure 2a ). The hazard ratio for IgR is 3.78 (CI 2.11-6.77, Po0.001) in the univariate Cox model and 2.39 (CI 1.15-4.99, P ¼ 0.020) when used as a prognostic factor in addition to BM histology, the latter showing a hazard ratio of 5.39 (CI 2.60-11.20, Po0.001). However, both markers do not remain significant when adjusted for IPI score (P ¼ 0.357 and P ¼ 0.579, respectively). The progression-free survival at 5 years was 55% (CI 26-83%) in the IgR-positive group and 63% (CI 48-79%) in the IgRnegative group, the OR in the univariate Cox model was 1.76 (CI 0.71-4.39, P ¼ 0.225). Both, IgR and BM histology are not significant, whether or not adjusted for IPI scores (all Ps 40.400).
When the OAS of patients without IgR in PB/BM was investigated for only those patients who showed IgR in the diagnostic tumor samples (exclusion of patients in whom diagnostic tumor samples were not available (n ¼ 35) or not informative (n ¼ 15), Figure 2b) , the OAS at 5 years in the three groups is estimated as 67% (CI 53-81%), 37% (CI 12-63%), and 0%, respectively. The hazard ratio for IgR in this case is 3.56 (CI 1.83-6.91, Po0.001) in the univariate model and 2.28 (CI 1.03-5.03, P ¼ 0.041) when used as a prognostic factor in addition to BM histology, the latter showing a hazard ratio of 7.97 (CI 3.37-18.86, Po0.001). Again, both markers do not remain significant when adjusted for IPI score (P ¼ 0.467 and P ¼ 0.158, respectively).
Discussion
We report on the contribution of PCR amplification of IgR to staging in DLBCL. Two previous reports have used Southern blotting for stage determination in small (11 high grade) or less well defined series (41 intermediate and high grade) of lymphoma patients. 14, 15 Both studies suggested that the molecular detection of circulating lymphoma cells may be of prognostic value. This is the first large study investigating the more sensitive and widely applicable PCR amplification of IgR, which was also controlled by analysis of diagnostic tumor biopsies in the majority of patients.
Clonal IgR were detected in 86% of tumor specimen which is within the range of published results. 11, 12, 30 None of the patients who could be analyzed in the diagnostic tumor sample had an additional IgR in the PB or BM, indicating the specificity of the method. This is in contrast to the poor reliability of PCR (23) 19 (23) 5 (33) 1 (20) Figure 1 Kaplan-Meier curves of overall survival of patients with diffuse large B-cell lymphoma according to the detection of IgR in peripheral blood/bone marrow. IgR, immunoglobulin rearrangement; neg, negative; pos, positive. amplification of TCR genes in mature B-cell lymphomas. 34 However, the detection rate of clonal immunoglobulin rearrangements might be further increased by PCR analysis of additional PCR targets in future studies. The junctional diversity of immunoglobulin kappa deleting element (Kde) rearrangements, which are 'end-stage' rearrangements and cannot undergo further rearrangements, is a stable target for reliable detection of clonal cell growth and minimal residual disease. 35, 36 In addition, incomplete D H -J H gene rearrangements can be perceived as a supplementary PCR target particularly for patients who do not have other clone-specific rearrangements. 37 The major goal of our study was to determine the additional information on the extent of lymphoma dissemination provided by PCR. We found clonal IgR in 21 of 130 (16%) patients with normal histology of good quality BM biopsies, suggesting an improved staging by PCR analysis. Overall, patients with positive PCR results had a significantly poorer CR rate and OAS.
Another key questions was whether molecular staging could increase the prognostic value of histopathological staging. Patients with positive IgR in PB/BM but without morphologically detectable BM involvement indeed had a significantly poorer OAS than patients with positive BM histology ( Figure 2) . The difference in OAS was 29% at 5 years (66 vs 37%). This was still true when the survival analysis was corrected by the exclusion of those patients in whom diagnostic tumor samples were not available or not informative. Our results also indicate that patients with morphologically detectable infiltration of the bone marrow have a significantly poorer OAS than patients with positive PCR but normal histology (0 vs 37%). Therefore, molecular analysis of BM or PB cannot replace histologic examination of the BM. This is supported by the fact that three patients had a positive PCR result in the BM but not in the PB.
Recent gene-expression profiling of DLBCL has shown that this single diagnostic category includes more than one molecularly and clinically distinct disease. DLBCL consists of at least three different gene-expression subgroups, known as germinal-center B-cell-like (GCB), activated B-cell-like (ABC) and type 3. 38, 39 These gene-expression subgroups differ by the expression of more than 1000 genes and seem to be derived from different stages of normal B-cell differentiation. The molecular distinction between subgroups of DLBCL is important because the subgroups have distinct mechanisms of malignant transformation and differ in their ability to be cured by the multiagent chemotherapy that is used at present. Patients with GCB DLBCL have the most favorable cure rate (60% 5-year survival), whereas patients with ABC and type 3 DLBCL have 5-year survival rates of only 36 and 39%, respectively. The improvement of staging by molecular methods, which results in a shift of patients from localized CS I-III to CS IV with diffuse or disseminated involvement of bone marrow and therefore worsening of prognosis, might affect particularly patients with expression profiles that are associated with poor response to chemotherapy. This effect seems to be noticed primarily in the OAS analysis which includes the whole group of DLBCL patients, whereas the affect of an improved staging on progression-free survival analysis which only comprises patients with a relatively good response to chemotherapy might not be seen until more patients with DLBCL can be studied in consideration of different gene-expression profiles. Altogether, our data demonstrate an important contribution of molecular staging in DLBCL. The results of OAS analysis indicate that patients without histopathological BM involvement can be subdivided into two prognostic groups by molecular analysis of IgR in circulating blood and/or BM cells and that there is also a prognostic threshold between histologically verified and 'molecular' stage IV disease.
